Nematodes are highly abundant organisms found in soil or sedimentary habitats. The free-living nematode Caenorhabditis elegans (C. elegans) has been used as an excellent model for monitoring ecotoxicity in soil. We have previously demonstrated that the lifespan of C. elegans can be used as an endpoint for detecting the ecotoxicity of heavy metals and detergents, and have developed a novel ecotoxicity assay based on their shortened lifespan. Herein we used a daf-16(mu86) mutant CF1038 strain, which has a deficient transcription factor DAF-16 regulating a variety of genes involved in longevity and stress response, for ecotoxicity assays. We carefully examined the effects on reproduction, larval growth, and lifespan in the short-lived CF1038 strain and wild-type N2 strain in the presence of a perfluoro organic compound (pentadecafluorooctanoic acid) and an organophosphate insecticide (dichlorvos) in addition to heavy metals (CuSO 4 and CdCl 2 ) and detergents (sodium dodecyl sulfate and a commercially available household detergent). Unexpectedly, both strains exhibited comparable reductions in these endpoints including lifespan by exposure to these ecotoxicants, indicating that DAF-16 does not largely contribute to tolerance to these agents. By virtue of a shorter assay period, the lifespan-based assay using the daf-16 mutant can be useful for assessing the ecotoxicity of a variety of ecotoxic chemicals.
INTRODUCTION
Nematodes are highly abundant organisms found in soil or sedimentary habitats, and free-living nematode species play important roles in decomposition and nutrient cycling. 1) Relative to their significance in the soil ecosystem, nematodes are suitable model organisms for monitoring soil conditions and ecotoxicity. 2) The free-living nematode Caenorhabditis elegans (C. elegans) has been widely used as an excellent model for studying the fundamental processes of multicellular eukaryotes and can be easily maintained and manipulated in the laboratory. By virtue of these properties, several toxicity tests using C. elegans have been developed for ecological risk assessment. 3, 4) These tests were effective in the detection of contamination of ecotoxic agents by monitoring the toxic effects on mortality, reproduction, larval growth, and so on as ecologically relevant endpoints. Thus several endpoints have been used for acute toxicity testing with C. elegans and the effects are assessed in relatively short-term treatments (≤ 3 days). Since living organisms in polluted environments are continuously exposed to toxicants, for example by intake of foods and fluids, and are chronically damaged, we examined the long-term influence on the lifespan of the nematode C. elegans and observed the concentration-dependent shortening of the lifespans of nematodes by prolonged exposure to heavy metals and detergents. 5) Our results indicate that the nematode lifespan is a useful endpoint for assessing ecotoxicity of a variety of agents.
In this study, we examined the effects on the daf-16(mu86) mutant without functional DAF-16 protein 6) resulting from exposure to ecotoxic agents. The transcription factor DAF-16 7) is known to regulate multiple biological processes including lifespan, stress response, dauer formation, and metabolism in C. elegans. 8) Since DAF-16 regulates many genes involved in cellular stress response, 9) the daf-16 mutant might be more sensitive to a variety of toxicants than the wild-type nematode. In addition, DAF-16 influences the rate of aging in response to insulin/insulin-like growth factor 1 (IGF-1) signaling and daf-16 null mutants have shortened lifespans. 10) Use of the daf-16 mutant may allow us to minimize the assay period required for lifespan measurement. We previously examined the toxic effects on reproductive capacity, larval growth rate, and lifespan in both the daf-16 and wild-type nematodes by exposure to heavy metals (copper and cadmium) and detergents [sodium dodecyl sulfate (SDS; Sigma, St. Louis, MO, U.S.A., L-4390) and a commercially available surfactant]. Furthermore, we recently studied toxicity caused by exposure to two kinds of ecotoxicants, a perfluoro organic compound (perfluorooctanoic acid) and an organophosphate insecticide (dichlorvos). In these experiments, both strains were comparably affected by the toxicants tested in a concentration-dependent manner, suggesting that the daf-16 mutant can be used for a lifespan assay. Because a long culture period (> 1 month) is a serious problem in an original lifespan assay using wild-type nematodes, the improved method using the short-lived daf-16 mutant is practically useful for assessment of ecotoxicity resulting from prolonged exposure to hazardous agents by virtue of its short assay period. 6) were provided by Dr. I. Katsura (National Institute of Genetics, Mishima, Japan) and the Caenorhabditis Genetics Center (Minneapolis, MN, U.S.A.), respectively. Nematodes were maintained at 20 • C on agar plates of NGM supplemented with Escherichia coli strain OP50. 11) The NGM plates containing toxicants (i.e., a test NGM plate) were prepared as described previously. 5) The NGM plate containing 0.5% (v/v) DMSO was used as control without toxicants in the experiments for PFOA and dichlorvos. Determination of Body Length and Reproductive Capacity --Growth and development of newly hatched nematodes on a test NGM plate was monitored by body length determination as described in our previous paper. 5) Reproductive capacity was monitored by determining the mean number of hatched progeny/nematode (i.e., brood size) in the entire brood period as described previously 5) and the measurement was carried out using > 6 animals/group, at least in duplicate. Determination of Lifespan (Lifespan Assay) --For the determination of lifespan, > 30 animals (N2 or CF1038 strain) raised to the L4 stage were transferred into four fresh NGM plates containing 25 µM 5-fluoro-2 -deoxyuridine (Sigma, F-0503) with or without toxicant, and grown at 20 • C. In brief, after placement on test plates containing the indicated concentration of toxicants (lifespan = 0), the viability of the adult animals was checked under a stereomicroscope every day. When the nematodes stopped moving, they were checked for viability by tapping the plates and by gently touching them with a platinum picker as described previously. 5) The experiments were independently repeated at least twice. Statistical Analysis --The software package JMP 6.0.3 (SAS Institute Inc., Cary, NC, U.S.A.) was used for statistical analyses for lifespans and growth rates as described previously. 5) 
MATERIALS AND METHODS

Chemicals Tested
RESULTS
Toxic Effects on Reproduction and Growth of Wild-type and daf-16 Mutant Nematodes
In this study, we examined the biological effects in two nematode strains, the wild-type N2 and the daf-16(mu86) mutant CF1038, resulting from exposure to toxic agents by conventional agar platebased assays as described previously. 5) First, we tested the reproductive capacity of parental animals exposed to various concentrations of heavy metal (CdCl 2 ), detergent (SDS), and two ecotoxic chemicals (PFOA and dichlorvos) ( Table 1 ). The tested animals were maintained with or without toxicants over the entire brood period to determine the mean number of hatched progeny/animal (i.e., brood size). The number of progeny produced by No. hatched progeny from the parent nematodes cultured under the indicated conditions was counted as described in Materials and Methods.
N2 animals with 0.3 mM CdCl 2 or 0.006% SDS was reduced to 20% and 30% of that of the corresponding control animals, respectively (Table 1) , as observed previously. 5) The mean brood size of the daf-16(mu86) animals without toxicants is 203.0, which is slightly higher relative to that of the wild-type animals (183.2), as observed in an another daf-16 mutant [daf-16(m26)] by others. 12) In the presence of CdCl 2 and SDS, concentration-dependent reductions in reproductive capacity in the daf-16 animals were comparable to those found in the N2 animals treated with the same agents. The brood size of N2 and CF1038 animals treated with > 1.0 mM PFOA was significantly decreased. On the other hand, the reproduction capacity of each strain was not largely affected by dichlorvos (Table 1) .
We next examined the growth and development of nematode larvae in the presence or absence of the agents. Growth of hatched larvae was monitored by measurement of the body lengths of the nematodes (N2 and CF1038 strains) treated with various concentrations of the agents. The growth curve from the mean body length in each group is shown in Fig. 1 . For example, the growth curves from N2 and CF1038 animals treated with various concentrations of CdCl 2 are shown in Fig. 1A and B, respectively. The growth rate estimated by fitting each growth curve from N2 and CF1038 control animals without CdCl 2 is 0.23 and 0.26 mm/24 h, respectively. The larval growth of N2 (Fig. 1A,  C , E, and G) and CF1038 (Fig. 1B, D, F, and H) animals was clearly and significantly decreased in the presence of CdCl 2 ( Fig. 1A and B) and SDS ( Fig. 1C and D) , as reported previously. 5) Similar inhibition of larval growth was observed in the cultures with PFOA ( Fig. 1E and F) . For example, the mean body lengths of N2 and CF1038 animals treated with 1.0 mM PFOA was 0.25 ± 0.01 and 0.25 ± 0.01 mm for 48 hr, which is significantly smaller than that of control worms (0.44 ± 0.01 mm for the N2 strain; 0.43 ± 0.01 mm for the CF1038 strain) (both p < 0.0001). Growth of larvae for both strains was not inhibited with 0.5% DMSO that was commonly contained in the test NGM plates for PFOA (i.e., 0.26 and 0.23 mm/24 h of the growth rate for N2; 0.26 and 0.26 mm/24 h for CF1038 animals with or without 0.5% DMSO). Unlike the other three toxicants, inhibition of larval growth with dichlorvos was not significant in both strains; for instance, < 40% of reduction in the larval growth rate was observed even in the presence of 94 µM dichlorvos ( Fig. 1G and H) . The inhibition of growth in nematodes is dependent on the concentration of cadmium, SDS, or PFOA. The median effective concentrations (EC 50 s) were estimated as the concentration where the growth rate of the worms is decreased to 50% of that of the control (Fig. 1) ; EC 50 values for the N2 and CF1038 animals with the various additives were approximately 0.04 and 0.06 mM cadmium, 0.002% and 0.004% SDS, 0.9 and 1.0 mM PFOA, respectively, indicating that these toxicants inhibit larval growth of both strains in a similar concentration range.
Shortened Lifespans Resulting from Prolonged Exposure to Ecotoxicants in Wild-type and daf-16 Mutant Animals
We assessed the long-term effects on lifespans of wild-type and daf-16 animals continuously exposed to six toxicants. The survival fraction of adult nematodes maintained with different concentrations of toxicants was monitored. The resultant survival curves for heavy metals (CuSO 4 and CdCl 2 ), detergents (SDS and a household surfactant), PFOA, and dichlorvos are shown in Figs. 2 and 3 . The mean lifespan of nematodes in each group with standard errors is summarized in mean lifespan of nematodes was not significantly affected in the absence or presence of 0.5% DMSO in the test NGM plates for PFOA and dichlorvos (28.8 versus 26.3 days in N2 strain; 19.3 versus 19.0 days in CF1038 strain, respectively). The higher concentrations of toxicants caused acute toxicity and killed adult animals within a few days of transfer to the test plates; for example, those that contained 0.01% SDS, 0.1% of the detergent, or 310 µM dichlorvos (Figs. 2 and 3) . Although some differences in toxic effects from a household detergent ( Fig. 2G and H) and PFOA ( Fig. 3A and B) were observed between N2 and CF1038 animals, both strains exhibited similar reductions in their lifespan by the other agents tested. In the assay for dichlorvos, weakly enhanced lethality of the N2 animals (or weak tolerance of the daf-16 animals) was detected in the presence of 3.1 µM dichlorvos ( Fig. 3C and D) . The shortening of lifespans by exposure to the agents was clearly dependent on their concentrations. The EC 50 s of the toxicants for N2 strain and CF1038 strain were respectively: 0.25 and 0.24 mM for CdCl 2 ; 0.004 and 0.0055% for SDS; 0.003 and 0.0055% for a household detergent; 2.0 and 2.1 mM for PFOA; and 17 and 21 µM for dichlorvos. The EC 50 values for cadmium, SDS, and PFOA in both strains were essentially similar to those for short-term toxicity such as growth retardation of offspring. Finally, it is of note that use of the daf-16 mutant allowed us to save 7-10 days in the assay period for measurement of lifespan in comparison with our previous method using a wildtype nematode (Figs. 2 and 3 ).
DISCUSSION
In this study, we examined the effects resulting from exposure to ecotoxic agents in daf-16(mu86) mutant 6) and wild-type nematodes. Several studies have revealed a close relationship between stress tolerance and longevity in C. elegans. 13) For example, the long-lived daf-2 or age-1 mutants exhibit increased resistance to heavy metals, 14) H 2 O 2 , 15) paraquat, 16) UV irradiation, 12) and a neurotoxicant, 17) indicating that both genes function negatively for lifespan and stress resistance. The daf-2 and age-1 genes encode insulin/IGF-1 receptor and the phosphoinositide 3-kinase catalytic subunit for C. elegans insulin/IGF-1 signaling pathway, respectively. 8) A forkhead transcription factor DAF-16 7) influences the rate of aging in response to insulin/IGF-1 signaling and regulates cellular stress response genes. 9) Therefore genetic mutations of the daf-16 gene or DAF-16-regulated stress response genes likely cause a shortened lifespan as well as dysfunctions of tolerance to environmental stresses, and a lifespan assay using the daf-16 mutant was assumed to be more sensitive to toxic agents than our previous method using a wild-type nematode 5) in a short period. So far, a few short-lived mutants (e.g., mev-1, gas-1, scl-1, daf-18, and daf-16) have been reported. However, both mev-1 and gas-1 mutants are mainly sensitive to oxidative stresses. 18, 19) The daf-18 gene acts in insulin/IGF-1 signaling pathway 20) and the scl-1 gene is regulated by DAF-16. 21) Thus daf-16 mutants are more suitable for a lifespan assay due to their short lifespan and possible enhanced sensitivity to toxicants. In our lifespan assay, the daf-16(mu86) mutant CF1038 strain exhibited a shortened lifespan as we expected and this result is consistent with previous reports by others 10) and our observations in the lifespan assay using daf-16 RNAitreated N2 nematodes. 22) Use of the daf-16 mutant successfully allowed us to complete a lifespan assay in a shorter period rather using the previous method with a wild-type nematode as summarized in Table 2 . Thus we can perform a lifespan assay three times in 50 days using the daf-16 mutant (twice in our previous method), suggesting that the number of agents tested could be increased approximately 1.5 fold in a lifespan assay using the daf-16 mutant.
On the other hand, we unexpectedly found that reductions of lifespans by prolonged exposure to six ecotoxic agents were basically comparable between both strains (Table 2 ). In addition, enhanced toxicity in the daf-16(mu86) mutant was not detected in our short-term toxicity tests for reproduction and larval growth in comparison with those in the wildtype animals (Table 1 and Fig. 1 ). These results are consistent with previous observations from phenotypic analyses of the daf-16(m26) mutant with a different allele. For instance, Murakami and Johnson 12) observed that the daf-16(m26) mutant and wild-type nematodes exhibited similar sensitivities to UV irradiation, and Barstyte et al. 14) also obtained a consistent result among the strains by assessing toxicity with cadmium and copper in the same mutant. Taken together with these observations, our results suggest that DAF-16 does not largely contribute to resistance to the ecotoxicants tested here. This raises the question why dysfunction of DAF-16 does not affect the survival of adult nematodes very much in the presence of these toxicants. While the exact mechanisms involved are unknown, these phenomena may be explained by functional compensation by other transcription factors involved in stress resistance, such as heatshock transcription factor HSF-1 23) and stress response transcription factor SKN-1. 24) These proteins may compensate for the daf-16 defects to maintain the viability in the daf-16 animals treated with ecotoxicants, because they are known to regulate several DAF-16-independent stress response genes. To date, enhanced sensitivity to toxicants in the daf-16 mutant have not been observed; however, Chu et al. 25) reported that a double mutant, daf-16 unc-75, exhibited 2-6-fold enhancement of sensitivity to heavy metals over the wild-type nematode, whereas a single daf-16 mutant did not, even though the mechanism of this phenomenon was unknown.
In this study, we showed toxic effects with four kinds of representative ecotoxicants (heavy metals, detergents, a perfluoro organic compound, and an organophosphate insecticide) on reproductive capacity in young adult nematodes, the growth of hatched larvae, and shortening of the lifespan of adult nematodes, and obtained consistent results with our previous report 5) from these toxicity assays in both wild-type and daf-16 mutant animals exposed to heavy metals and detergents (Table 1 , Figs. 1 and 2 ). In addition, we examined the toxic effects of PFOA and dichlorvos in these endpoints in both strains. To date, no reports have described the long-term effects on nematode lifespan by prolonged exposure to perfluoro organic compounds and insecticides. Perfluoro organic compounds are widely used in various housekeeping products, and it has been recently observed that these chemicals accumulate in the environment, wildlife, and humans. 26) Since PFOA is stable and accumulates in animals, it is important for risk assessment of organic perfluorochemicals to examine the effects resulting from low-concentration and long-term exposure to PFOA. To date, perfluoro organic compounds have been extensively studied in various aspects of toxicity. 27) Tominaga et al. 28) reported that exposure to perfluoro organic compounds including PFOA causes lethality and disrupted fecundity in C. elegans. In our experiments, PFOA effectively inhibited reproductive activity and larval growth in both N2 and daf-16 strains at concentrations > 1.0 mM (Table 1 and Fig. 1 ). The EC 50 value of PFOA calculated from reduction in the growth rate of N2 larvae is 0.9 mM, which is slightly lower than the EC 50 s of PFOA (2.35-3.85 mM) from acute lethal toxicity tests reported by Tominaga et al. 28) We observed drastic reduction of lifespans by continuous exposure to PFOA in the concentration range 1.0-3.0 mM (Fig. 3A and B) . The EC 50 values of PFOA [approximately 2.1 (CF1038 strain) and 2.0 mM (N2 strain)] in the lifespan assay are similar to those in our growth retardation assay or acute toxicity tests by others. 28) 1H,1H,2H,2H-perfluorodecanol (8 : 2 TFOH) is a polyfluorinated compound that is converted into PFOA in animals. We examined the effects on lifespan with 8 : 2 TFOH, but only partial reductions of lifespans were observed (data not shown), suggesting that PFOA converted from 8 : 2 TFOH in animals likely causes physiologically toxic effects in vivo. We further examined the effects of the insecticide dichlorvos on nematodes. Dichlorvos is a representative organophosphate that inhibits acetylcholinesterase activity in higher animals including C. elegans, and the resultant continuous excitation of motor neurons causes lethality. We detected a concentrationdependent shortening of the lifespan of adult nematodes by exposure to dichlorvos (Fig. 3C and   D) . Previous studies showed that dichlorvos inhibits motor function of nematodes at a low concentration (0.7 µM as EC 50 ) 29) and the LC 50 value of dichlorvos in an acute toxicity test was reported to be 39 µM in C. elegans. 30) The EC 50 value in our lifespan assay was approximately 20 (CF1038 strain) and 23 µM (N2 strain), which is consistent with being above the LC 50 value of dichlorvos. However, unexpectedly we failed to detect significant reductions of brood size (Table 1 ) and growth retardation of hatched larvae ( Fig. 1G and H ) by dichlorvos at concentrations > 31 µM. So far, it is unknown why this phenomenon was observed.
In this study, close correlation in the effective concentrations of toxicants between acute toxicities and shortening of lifespan was found in the toxicity tests for cadmium, SDS, and PFOA, suggesting that the lifespan of nematodes can be used as an endpoint for assessment of ecotoxicity caused by these agents. In addition, we should note that a lifespan assay using a short-lived daf-16 mutant is a useful tool for assessing potential toxicity of chemicals due to its short assay period. Finally, some limitations in the lifespan assay using the daf-16 mutant should be considered; for example, we observed possible low sensitivity of the daf-16 mutant at a low concentration of dichlorvos as described. In this lifespan assay, agents that interfere in insulin/IGF-1 signaling pathway are not applicable. While the daf-16 mutant did not exhibit enhanced sensitivities to the toxicants tested, use of C. elegans mutants with defects in stress tolerance or RNAi-treated nematodes to DAF-16-independent stress resistance genes may possibly improve the sensitivity in a toxicity assay based on lifespan measurement of C. elegans.
